Abstract-Gene targeted or transgenic mice are frequently created on one genetic background and the mutation then transferred to a second genetic background by a series of backcrosses, with selection for the mutation at each generation. This is the same experimental design as that used in the production of classical congenic strains in which a genomic region from a "donor" strain is transferred to the background of a "recipient" strain by backcrossing and selection for ten or more generations. While the strategy largely results in the replacement of the donor background with the recipient background, the region flanking the selected gene remains of donor origin. Thus, the genes in this flanking region are "passengers" that travel with the selected gene, and when comparing transgenic (or knockout) mice with non-transgenic littermates, allelic differences in the passenger genes can conceivably influence the traits of interest. It now appears that this passenger gene effect may be an important confounder in studies of cardiovascular and metabolic traits that are influenced by dozens of common variations present among inbred mouse strains. Here, we discuss the problem and some approaches to avoid it.
A recent issue of Arteriosclerosis, Thrombosis and Vascular Biology carried reports from 3 different laboratories which studied atherosclerosis in mice carrying a null mutation of the cholesterol transporter ABCG1. In 2 studies, lesions decreased, and in 1 study lesions increased. [1] [2] [3] [4] Several subsequent studies of atherosclerosis in ABCG1 transgenic or knockout mice have not eliminated the confusion. 5, 6 There are many similar contrasting findings with transgenic mice in the literature. For example, a recent paper in the Journal of Clinical Investigation reported that mice carrying null mutations of the macrophage scavenger receptors CD36 or SRA did not have reduced atherosclerosis, 7, 8 in sharp contrast to previous studies. 9 -11 With a trait as complex as atherosclerosis, small environmental differences could of course have a significant impact, but another likely source of differences between studies is related to genetic background. In this note we discuss the problem and suggest some approaches for minimizing the impact of a contaminating strain background on the phenotype of knockout or transgenic mice.
The importance of genetic background in the phenotype exhibited by a naturally occurring mutant, knockout, or transgenic mice is well established. One of the first instances in which this was noted was for the diabetes and obese mutations, which cause diabetes on a C57BLKS/J background but not a C57BL/6 background. 12 Since then, many similar examples have been noted (eg, [13] [14] [15] ).
When studying knockout or transgenic mice, therefore, investigators usually try to minimize background effects by breeding these mutations onto common genetic backgrounds for comparative studies ( Figure 1 ). Gene targeted mice are usually initially created on a strain 129 background because embryonic stem cells from 129 mice are, for unknown reasons, much more efficient for the creation of targeted mice than stem cells from other strains. Because strain 129 mice breed poorly, the null mutation is generally transferred to another background, usually to a C57BL/6J background, by backcrossing for 5 to 10 generations. Similarly, for reasons of efficiency, transgenic mice are frequently made on a heterozygous background and then backcrossed to strain C57BL/6. The C57BL/6 background is particularly widely used, allowing comparisons of results with other engineered mice on a common background (reviewed in 16 ).
When a transgenic or gene targeted mouse is crossed to a new, inbred genetic background, there is a 50% chance that a locus from the original background will be removed at each generation. For example, if strain 129 is crossed to strain C57BL/6, the first generation mice (N1) will consist of 50% 129 and 50% C57BL/6. If these mice are then crossed to C57BL/6, the progeny will consist on average of 75% C57BL/6 and 25% 129. The chance that a particular region from strain 129 (donor) is retained will decrease with additional backcrossing. After 10 generations (N10), the chance is only about 0.1%, and so the mouse is considered to be "congenic", consisting of the selected locus from the donor 129 strain on the recipient C57BL/6 genetic background. If the selected locus is to be maintained in a homozygous state, 2 such N10 mice are intercrossed and the homozygous mice are used for further studies. In most cases, the congenic strain is compared with the inbred background strain and any differences ascribed to the targeted gene. 17 Similar logic applies to transgenes bred to a common background.
One potential problem with such comparisons is that donor chromosomal regions unlinked to the selected locus may remain by chance. Although the likelihood that a particular region is retained is small, there is a possibility that some donor DNA remains, particularly if fewer than 10 backcrosses are used. This problem can be addressed in part by intercrossing the congenic strain with the background strain and comparing homozygous, heterozygous, and wild-type mice at the locus of interest. With this design, any contaminating DNA should be spread at random among the 3 genotypic groups. (It is possible that, in some cases, there may be selection as well as chance that plays a role in the retention of unlinked donor chromosomal regions.)
A larger problem has to do with the region flanking the selected locus. Thus, unless separated by recombination, the flanking region from the donor strain will travel with the selected locus. Table 1 indicates the amount of flanking DNA that is likely to be retained after N generations of backcrossing. For example, if a "passenger" gene is 10 cM from the selected locus, the chance that it will be retained in the congenic strain after 10 generations of backcrossing is about 39% (Table 1) . A 10-cM region of the mouse corresponds to roughly 20 million bp or about 200 genes.
As an example, Figure 2 shows the 129-derived regions for a mouse in which a locus of interest (a paraoxonase 3 null mutation, Pon3 Ϫ/Ϫ ) has been transferred onto an apolipoprotein E-null mutation by 6 Such passenger regions from strain 129, or any other donor strain, can lead to incorrect conclusions if allelic differences between the donor and recipient strains affect the phenotypes under study. Two inbred strains will likely differ at numerous loci, perhaps dozens, that affect complex traits such as atherosclerosis, adiposity, and plasma lipid levels. For example, over 30 loci for atherosclerosis or obesity or HDL levels have been mapped in various crosses in mice. 18, 19 If such an allelic variation occurs near the targeted gene, and is carried with the gene during backcrossing, the phenotype of the targeted mice will be attributable to both the effects of the targeted gene (if any) and the passenger gene.
Recent gene expression studies have revealed the remarkable level of quantitative genetic variation in transcript levels between inbred strains of mice. 20 For example, a recent study of the genetics of gene expression in a cross between the common inbred strains C3H and C57BL/6 revealed that about one quarter of the genes expressed in liver or adipose tissue exhibit genetic variations that directly affect their transcript levels. 21, 22 This level of variation will be similar between other pairs of common inbred strains, such as 129, DBA, BALB/c, or AKR. 23 To illustrate the problem, we list in Table 2 the genes whose expression levels show common variations resulting from the passenger region flanking the Pon3 gene knockout shown in Figure 2 . Altogether, about 40 genes exhibited variations in transcript levels, and a number of these have been found to affect atherosclerosis in transgenic studies, including paraoxonase, 2 lipoprotein lipase, and Cxcr6. 24 Finally, homozygous targeted mice are generated by intercrossing 2 heterozygous mice. This procedure will eliminate most 129 genetic material on unlinked chromosomes, but the region flanking the targeted allele will remain 129-derived unless a recombination event occurs. From Flaherty. 17 *The "differential gene" refers to a targeted gene or a transgene that is selected for retention at each generation. The frequency of recombination between 2 loci depends on their genetic distance (1 centiMorganϭ1% recombination).
Clearly, then, any conclusion about the effect of Pon3 on atherosclerosis is confused by the passenger problem. The various studies of ABCG1, Cd36, and SRA1 cited at the beginning of this review are likely to have different passenger gene effects because the congenics were generated separately and the amount of donor material remaining in a particular congenic is a matter of chance, and so will differ from laboratory to laboratory. Thus, these and most other studies of knockout or transgenic mice are confounded by passenger genetic variations of unknown effect. (When studying knockouts or transgenics with dramatic phenotypes not present among common strains, the risk of complications is small. A prior hypothesis concerning the effects of the knockout also diminishes the chance of drawing erroneous conclusions.)
What can be done to avoid this problem? It would, of course, be best to construct knockouts or trangenics on a pure genetic background, so that the resulting mice are "isogenic" rather than congenic. Transgenic mice can be generated rather efficiently on an FVB background, although this makes comparisons with other studies, usually on a C57BL/6 background, difficult. Significant progress in making targeted mice in C57BL/6 or other inbred backgrounds has been made, but obtaining chimeras and germline transmission is still not nearly as efficient as with the use of 129 or mixed embryonic stem cell backgrounds. For transgenic production, the gold standard remains analyzing multiple independent transgenic lines. Because transgenes insert at random locations in the genome, the passenger problem is then eliminated or reduced. This is, however, not a solution to the problem of gene targeting. A possible, although cumbersome, solution would be to complement the knockout with a transgenic; thus, if the transgene alters the effect of the knockout, one can conclude with confidence that the results are attributable to the targeted gene.
If a congenic approach must be used, we suggest that a genome-wide scan be performed to test for passenger genes, both linked and unlinked to the gene of interest. With the development of single nucleotide polymorphism (SNP) chips that can quickly identify thousands of common polymorphisms, this is a simple and relatively inexpensive task. For example, for about $250, one can type about 5000 common polymorphisms using an Affymetrix chip (as in Figure 2) . The above list consists of genes (indicated as gene symbols) whose expression was significantly affected (lod score Ͼ4.3) by the 0 -40 Mb locus of mouse chromosome 6 in livers of a cross between C3H and C57BL/6 mice. 21 While not a solution to the problem, this will likely identify any contaminating regions not linked to the gene of interest and also define the size of the region flanking the gene of interest.
